An adaptive cluster expansion (CE) method is used to explore surface adsorption and growth processes. Unlike the traditional CE method, suitable effective cluster interaction (ECI) parameters are determined, and then the selected fixed number of ECIs is continually optimized to predict the stable configurations with gradual increase of adatom coverage. Comparing with traditional CE method, the efficiency of the adaptive CE method could be greatly enhanced. As an application, the adsorption and growth of oxygen atoms on one side of pristine graphene was carefully investigated using this method in combination with first-principles calculations. The calculated results successfully uncover the structural evolution of graphene oxide for the different numbers of oxygen adatoms on graphene. The aggregation behavior of the stable configurations for different oxygen adatom coverages is revealed for increasing coverages of oxygen atoms. As a targeted method, adaptive CE can also be applied to understand the evolution of other surface adsorption and growth processes. © 2014 AIP Publishing LLC. [http://dx
I. INTRODUCTION
The unique mechanical, 1 structural, 2 electronic, 3, 4 and thermal properties 5 of graphene have stimulated numerous studies since it was successfully extracted from graphite by Geim and Novoselov in 2004 . 2 However, there is still a long way to go for the application of graphene in semiconductors because of the existence of a zero band-gap. Many groups have used different methods to control and modulate the electronic properties of graphene and other two-dimensional (2D) materials. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Among these attempts, chemical functionalization 6, [9] [10] [11] [12] [13] of graphene is the most effective technique to tune the band-gap. Graphene oxide (GO) was first fabricated almost 150 years ago and the band-gap of GO strongly depends on the atomic structure of GO. 12, 13, 17, 18 In addition, GO is an important intermediate in the process of large-scale graphene production from graphite. 19, 20 In the process of graphene production, GO with different degrees of oxidation can be synthesized by the modified Hummers method and then exfoliated by ultrasonication. 10 After the treatment, both sides of graphene are oxidized, and the ratio of O/C can reach a maximum value of nearly 1 and can be reduced by thermal reduction. 12, 13, 21 In the past few years, many experimental and theoretical studies have been carried out to establish a thorough understanding of the interaction of oxygen with bare graphene and the atomic structures of GO. 12, 13, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . Several advanced experimental techniques, such as nuclear magnetic resonance spectroscopy 20, 37, 38 and atomic force microscopy, 19 have been used to characterize the structure of GO. The experiments mainly reached a consensus: part of graphene was a) E-mail: limin.liu@csrc.ac.cn oxidized and the other part was pristine graphene. 17 On the theoretical side, many density functional theory (DFT) calculations have been performed to explore how graphene is oxidized to GO by oxygen atoms. 22, 25, 27-30, 32, 35, 36 Nguyen et al. 30 showed that the oxidation of graphene on both sides follows a 2D nucleation-and-growth mechanism with configurations favoring clusters with oxygen atoms occupying adjacent bridge sites. Topsakal et al. 28 found that GO prefers to form an inhomogeneous phase during the oxidation of graphene on one side. Recently, Huang et al. 29 suggested that well-ordered GO could be obtained at low oxygen coverage on one side of graphene, which could overcome phase inhomogeneity.
Because of the huge number of possible configurations even on the limited number of occupying sites, it is difficult to uncover the detailed oxidization progress of graphene by conventional theoretical methods. For one species of adatom, if all possible configurations of n atoms occupying all possible sites on a selected unit surface are considered, the number of configurations is large. For example, the possible number of configurations for 10 atoms distributed on 100 equivalent sites is nearly 10 13 . Because the adsorption and growth processes are rather complex, empirical force fields cannot easily deal with these types of problems. Although in principle stable configurations can be obtained by first-principles calculations, the number of configurations is too large to handle in practice. Global optimization methods, [39] [40] [41] although powerful in predicting new structures, are also unable to handle this type of problem. However, the cluster expansion (CE) approach based the Ising model is a possible way to solve this type of problem. 42, 43 In the CE approach, some of the configurations are first investigated by DFT calculations and the DFT energy of each configuration is expanded in series over discrete interactions (the effective cluster interactions (ECIs)) between the lattice sites. By selecting an appropriate number and appropriate values of the ECIs, the energies of configurations can be well-represented by the ECIs and are comparable to DFT calculated results. This could greatly reduce the computational cost while maintaining accuracy.
In this work, an adaptive CE approach combined with first-principles calculations is used to explore surface adsorption and growth processes. The ECI parameters are constructed and selected at a relatively low coverage of adatoms and then the selected ECIs with a fixed number are continually optimized to predict the stable configurations for the different coverages of adatoms. The structure evolution of oxygen atoms on graphene is then investigated with the adaptive CE approach.
II. METHODOLOGY

A. Computational setup and model
All first-principles calculations were performed with the VASP package. 44 The exchange-correlation potential was described by the generalized gradient approximation functional of Perdew, Burke, and Ernzerhof (PBE). 45 The kinetic energy of the plane-wave basis was set to 550 eV. The geometry optimizations were stopped when the force on each ion was less than 0.01 eV/Å and the total energy converged to about 10 −4 eV. A 3 × 3 × 1 k-point sampling based on the Monkhorst-Pack scheme 46 was used for the rectangular supercell.
In the model, a (4 × 7) rectangular supercell of graphene was used, containing 112 C atoms and up to 19 oxygen atoms. During the calculations, only the possible bridge adsorption sites were considered because the bridge site is the most stable adsorption site for oxygen atoms. 47 There are several typical structures for a pair oxygen atoms adsorbing on graphene with a small distance between adsorbed oxygen atoms (<2.60 Å), as shown in Fig. 1(a) . The typical structures are discussed for two reasons: imposing restriction on construction structures and preparing the discussion of distinguishing cluster function effectively in Secs. II B-II D. The A 1 -A 2 pair represents the pair configuration with two oxygen atoms occupying opposite sites of the same hexagon. B 1 -B 2 represents the configuration of two oxygen atoms on nearby hexagons. C 1 -C 2 represents the pair configuration with two oxygen atoms occupying the second nearest neighbor sites of the same hexagon. D 1 -D 2 corresponds to the unstable configuration with two oxygen atoms adsorbed at nearby bridge sites. In the calculations, the more preferable pair configurations were B 1 -B 2 and C 1 -C 2 , which were at least 0.25 eV lower in energy than any other pair configuration, such as those (not including themselves) in Fig. 1(b) . The favored pair configurations impose restriction on constructing structures to reduce the number of the structures at coverage (C 112 
To determine the most stable adsorption configuration, the adsorption energies E ad of oxygen atoms on graphene were calculated. The adsorption energy is defined as follows: where E(GO x ), μ G , and μ O are the energies of single sided graphene oxide, supercell graphene, and a single oxygen atom, respectively, and x is the number of oxygen atoms.
B. Cluster expansion
The CE approach was developed based on the wellknown Ising Hamiltonian. 48, 49 The basic idea of CE is to expand the energy of any configuration into linear contributions of cluster functions,
where the indices i, j, and k run over all possible occupied bridge sites of graphene, E is the total energy of a configuration. φ α is the cluster function, which includes cluster functions of single atoms, pairs of atoms, and so forth. m indicates the site number of the cluster function. The coefficient J α in this expansion associated with every cluster function is called the effective cluster interaction (ECI), corresponding to the energy contribution of the correlative cluster function. By combining all of the contributions of the cluster functions in the configuration, the energy can be accurately obtained. S i (σ i ) is defined as 1 if site i is occupied by an oxygen atom, and 0 if it is unoccupied. The main goal of the CE approach is to choose a finite number of cluster functions to reconstruct the physical properties of the system. In this work, the adsorption energy was used as the target function. The total energies of finite structures were first calculated by first-principles calculations. Unlike the cross-validation method, 49 the objective function for selecting the proper ECI in the case of cluster expansion of the configuration energy is defined as follows:
Here, the index n is the total number of DFT calculated structures, K i is the weight of a structure, which can be set as a constant, and E i re and E i ce are the corresponding energies of a specific structure from the DFT calculations (or experiment) and cluster expansion, respectively. By varying the number of ECIs to minimize F in Eq. (3), a set of ECIs is chosen. The set of ECIs with optimized values is used to predict the energies of all of the structures. In this work, scatter searching (SS) 50 was used to optimize Eq. (3) to obtain the global minimum value and values of a set of ECIs. SS is based on the premise that systematic designs and methods for creating new solutions afford significant benefits beyond those derived from recourse to randomization. A line search-based algorithm for solving high-dimensional continuous nonlinear optimization problems 51, 52 is included in the SS method to improve the local optimization accuracy. Detailed information of adaptive CE will be discussed below.
C. Construction of cluster functions and reduction of the number of structures
As mentioned above, the configurational energy is represented by the cluster functions. Thus, it is critical to accurately characterize the cluster functions to better represent any E(σ ) of a configuration. The total energy of a configuration can be represented using different cluster functions, which indicates the different contributions to the configurational energies. Whether the cluster functions effectively distinguish the similarity greatly affects the accuracy of the cluster expansion. Thus, the cluster function should be effectively described. When constructing the cluster function, the distance between two adsorption atoms is used to construct the pair cluster function. However, the distance itself cannot always effectively distinguish some pairs. We take the pair cluster function of oxygen atoms on bridge sites of graphene as an example. As shown in Fig. 1 , several typical configurations of two oxygen atoms can exist on the graphene. The distances of A 1 -A 2 and B 1 -B 2 (r 1 ) are the same, although the two configurations are different. To distinguish the two different cluster functions, we considered the distance between carbon atoms closest to the oxygen atoms in the cluster function.
As shown in Fig. 1 , r 2 represent the distance between carbon atoms a 1 and a 2, and r 3 represents the distance between carbon atoms b 1 and b 2 . The cluster function A 1 -A 2 labeled with [r 1 , r 2 ] is different from B 1 -B 2 labeled with [r 1 , r 3 ]. Similar to constructing cluster functions of pairs, the parameter sets to represent the cluster functions of triplets and quadruplets contain three and six parameters for the distance between occupying sites, respectively, and additional parameters for the distance between carbon atoms nearby the occupied sites are also included if the former parameters cannot distinguish the cluster function as pairs, as discussed above. The cluster function is characterized by a set of parameters including the relative distances of adatoms plus the distance between nearby substrate atoms if necessary. To select the proper cluster functions for the next coverage, a cluster pool with all clusters within a distance cutoff was also constructed. We defined the distance cutoffs for cluster functions, that is, once a set of distance cutoffs [R 2 , R 3 , R 4 ] are chosen, the corresponding cluster functions of pairs, triplets, and quadruplets with the largest distance parameters of adatoms r 2 (r 2 < R 2 ), r 3 (r 3 < R 3 ), and r 4 (r 4 < R 4 ) are also determined. In this work, the initial distance cutoffs for pairs, triplets, and quadruplets were selected as [6 Å, 6 Å, 6 Å]. See the supplementary material for detailed setups of cluster functions. 53 Well-characterized cluster functions are a prerequisite of the cluster expansion method. To reduce the computational cost, the similarity of structures is first checked to avoid repetition. The number list of the cluster function for a structure is compared with those of structures in the structure pool. If a number list of the cluster function is not found in the structure pool, the corresponding structure is kept, otherwise it is discarded. At relatively low coverages (C 112 O x , 1 ≤ x ≤ 4), all configurations within the initial distance cutoffs were considered. At relatively high coverages (C 112 O x , x ≥ 5), we only considered configurations at coverage x ≥ n by adding one extra oxygen atom to about 10 4 possible energy configurations at coverage x ≥ n−1 when the extra oxygen atom formed at least one typical pair configuration (B 1 -B 2 or C 1 -C 2 ) bond with other oxygen atoms, considering that oxygen atoms prefer to cluster together. 54 
D. Adaptive cluster expansion approach
Once the initial cluster functions with relatively large distance cutoffs of [6 Å, 6 Å, 6 Å] for pairs, triplets, and quadruplets are chosen, the initial corresponding ECIs are obtained. However, it is also necessary to describe the physical properties by a finite number of ECIs. To verify the accuracy of the ECIs, the objective function, which defines the difference between the energies calculated by the cluster expansion method and first-principles calculation, as defined in Eq. (3), was used to check whether the configuration energies predicted by the selected ECIs agree with the first-principles energies. For this type of primary fitting, we started from oxygen adsorption on graphene at low coverage (C 112 O x , 1 ≤ x ≤ 7). The objective function (F) was optimized by the SS method with different ECIs by changing the distance cutoffs from [6 Å, 6 Å, 6 Å] to [3.3 Å, 3.3 Å, 3.3 Å]. In this case, the ECIs that lead to the smallest F were selected, while the predicted structure with the lowest energy was added to refit F again after the DFT calculation if the stable structure was not included in the last run. The loop was terminated when the structures with the lowest energies calculated by first-principles were well-reproduced by the selected ECIs.
Once the primary set of ECIs was selected at the low oxygen atom coverages (C 112 O x , 1 ≤ x ≤ 7), the number of ECIs was fixed to predict the structural energies of higher coverages. However, the values of ECIs were gradually improved by adding adatoms into the system in this stage. For example, to predict the most stable configuration of eight adatoms on graphene, the initial structures of eight adatoms were constructed based on the ∼10 4 possible energy structures in the case of seven adatoms, and the corresponding configuration energies were calculated by the ECIs obtained in the seven adatom case. Similar to the primary fitting at the relatively low coverage, the most stable structures at coverages of C 112 O x (1 ≤ x ≤ 7) as well as the new optimized values of the ECIs were obtained. In addition, if the most stable structure with a coverage of less than eight oxygen adatoms predicted by the CE method was obtained for the first time, the new structure was added to refit the ECIs again. The most stable configurations at the adsorption degrees (C 112 O x , 1 ≤ x ≤ 8) were also updated. In this way, the most stable structures at each coverage were explored step-by-step.
III. APPLICATION OF ADAPTIVE CE TO INVESTIGATE STRUCTURE EVOLUTION OF GO
A. Construction of ECIs
As mentioned in Sec. I, it is difficult to predict the most stable configuration for adatoms on graphene because of the huge number of possible configurations. 28, 30 To solve this problem, the adaptive CE method was used to explore the oxidation process of graphene step-by-step for up to 19 oxygen atoms on a graphene sheet containing 112 carbon atoms.
The ECIs were first determined by minimizing the F value (Eq. (3)) for up to seven oxygen adatoms. In total, 25 clusters (ECIs) were obtained, which included the on-site atom, nine pair clusters, nine triplet clusters, and five quadruplet clusters in the CE fitting. The root-mean-square (rms), as defined by the objective function in Eq. (3), varied from 20 to 33 meV/adatom when the number of adatoms on the supercell of graphene changed from 7 to 13, suggesting the high reliability of the CE method. It should be noted that, as mentioned in Sec. II D, once the ECIs are chosen at the low coverage, the corresponding number of ECIs are fixed in the following steps, while the coefficients of J α are continually optimized with increasing coverage (8 ≤ x ≤ 13). It should also be noted that both the number of ECIs and their values are fixed because of the extremely large number of the adsorption configurations to further explore the ground states of high coverage C 112 O x (14 ≤ x ≤ 19).
B. C 112 O x (1 ≤ x ≤ 13)
Once the ECIs were determined, the predicted energies of all adsorbed configurations were obtained, as shown in Fig. 2(a) . With increasing oxygen adatom number, the curve of the adsorption energies per oxygen atom exhibits an upward parabola with the minimum near C 112 O 11 (−3.15 eV/adatom). When the number of adsorbed atoms on graphene is greater than 11, the supersaturated oxygen causes an increase in the Coulomb repulsive force between the oxygen atoms and distortion of the substrate, which eventually leads to the increase of the adsorption energies for C 112 O x (x > 11). As shown in Fig. 2(c) , the fitted J α values do not greatly change with increasing coverage from 7 to 13 adatoms. In addition, the convex hull (red line in Fig. 2(b) 
(green) and the adsorption energy for the most stable configuration of each composition (red). The dashed line (black) denotes the adsorption energy of C 8 O 1 predicted in another paper. 29 The structure of C 8 O 1 29 is shown in the insert of Fig. 2(b) . (c) Comparison of J α values of the double, triple, and quadruplet for 7 and 13 adatoms, which were optimized with the adaptive CE approach. and denote the J α values for 7 and 13 adatoms, respectively. C 112 O 5 , C 112 O 7 , C 112 O 9 , C 112 O 11, and C 112 O 13 ) exist in the whole graphene oxidation process (1 ≤ x ≤ 13). The corresponding most stable C 112 O x (1 ≤ x ≤ 13) configurations for all coverages are shown in Fig. 3 . Such results indicate that the oxygen atoms prefer to cluster together on graphene, which agrees well with previous first-principles calculations. 28, 30 To determine whether the predicted ground states are the most stable configurations, we compared the adsorption energies with other reported structures. As reported in previous work, C 8 O 1 is a rather stable configuration. 29 The adsorption energy per oxygen atom of the most stable structure of C 8 O 1 is shown with the black dashed line in Fig. 2(b) , which was previously predicted by the CE approach for up to 48 carbon graphene. 29 The adsorption energies per oxygen atom of the C 112 O x configurations are larger than that of the C 8 O 1 homogenous structure when the number of adsorbed oxygen atoms is greater than four. The corresponding energy difference between C 112 O x and C 8 O 1 varies from 0.03 eV/adatom (x = 5) to 0.18 eV/adatom (x = 11). Furthermore, when the number of adsorbed oxygen atoms becomes 14, the most stable configuration of C 112 O 14 predicted by CE method, which has the similar ratio of oxygen to carbon atom to C 8 O 1 , is also about 0.15 eV/adatom more stable than C 8 O 1 . Such results clearly indicate that the inhomogeneous oxygen adsorption structures predicted in this study are more stable than the homogenous configuration of C 8 O 1 , which further indicates that the oxygen atoms prefer to form inhomogeneous structures rather than homogenous structures. As shown in previous experimental and theoretical studies, 13, 28, 30 the typical structure of GO is an amorphous phase, 24 and thus our results agree well with previous studies.
To understand the structural evolution during the graphene oxidation process, the structural characteristics of eight stable states for C 112 O x (1 ≤ x ≤ 13) are shown in Fig. 3 . For the adsorption of one oxygen atom on the bridge site of graphene ( Fig. 3(a) ), the adsorption energy was about −2.48 eV/adatom, which is consistent with a previous study. 28 When a second oxygen atom adsorbs on graphene, it prefers to occupy a nearby site to the first oxygen atom (see Fig. 3(b) ), resulting in a larger negative adsorption energy (−2.72 eV/adatom) than that of a single oxygen atom on graphene. When a third oxygen atom adsorbs, the three oxygen atoms are prone to form a cluster on the graphene, occupying three bridge sites in a hexagonal circle, as shown in Fig. 3(c) . When first oxygen atom adsorption on graphene, the initial flat graphene becomes buckle one, and the carbon atoms interact with oxygen move 0.24 Å out of the flat graphene, which suggests that the carbon atom form the sp 3 bonding. When the second oxygen atom adsorbs on the graphene, the corresponding carbon atoms interacting with oxygen becomes sp 3 bonding. The carbon atoms of two oxygen atoms stick out 0.47 Å from the flat graphene. The sp 3 carbon atoms prefer to cluster together, which should be the main reason that the oxygen atoms prefer to cluster on the graphene.
When the number of adsorbed oxygen atoms reaches five (see Fig. 3(d) ), interestingly, the adsorption configuration of five adatoms does not follow the previous structure of three oxygen atoms by adding two atoms, while a phase transformation occurs as the number of oxygen atoms increases from three to five. Furthermore, when the number of oxygen atoms increases to seven, as illustrated in Fig. 3(e) , the most stable configuration returns to the structural characteristics of the three adsorbed oxygen atom case. It should be noted that the adsorption of oxygen atoms is a continuous process along with energy minimization in the actual graphene oxidation process, and the phase change may not be easy to achieve. Therefore, the stable state of C 112 O 7 is easier to produce from the C 112 O 3 configuration by adding four adatoms than from the C 112 O 5 configuration by adding two adatoms. The following graphene oxidation process, such as the C 112 O 9 , C 112 O 11 , and C 112 O 13 configurations, shows a similar trend that the new configuration simply follows from the previous most stable configuration by adding extra oxygen atoms step-by-step (see Figs. 3(f)-3(h) ). In this part of the discussion, we clearly uncovered the structural evolution characteristics during the graphene oxidation process. It is interesting to note that general characteristics of the oxygen atom adsorbed structures exist in the whole process. Moreover, the oxygen atoms tend to aggregate on the graphene rather than forming homogeneous or line configurations.
In our adaptive cluster expansion approach, as described in detail in Sec. II D, all of the possible coverage configurations (5 ≤ x ≤ 13) are constructed based on the previous low coverage configurations (x ≤ 4). In this case, the new possible oxygen adsorption sites, which are selected to construct the stable structures of the high coverage, are limited to the previous predicted configurations, as mentioned in Sec. II C. Thus, it is essential to know whether the most stable structure with x oxygen atoms prefers to phase separate into two small stable structures with x 1 (x 1 ≤ x/2) and x 2 (x 2 = x − x 1 ) oxygen atoms. Here, the distance between the two small separate clusters should be large enough to prevent interaction between the clusters. To answer this question, we considered all possible separated cases of C 112 O x (4 ≤ x ≤ 13) configurations. The adsorption energy difference ( E) between the integrated cluster and the separated clusters can be calculated by the following equation:
where E(x 1 ) and E(x 2 ) represent the adsorption energies of the separate clusters and E(x) is the adsorption energy of the integrated configuration. The more positive the adsorption energy difference, the more stable the integrated C 112 O x configurations.
In Fig. 4 , all the selected most stable separate clusters of C 112 O x (4 ≤ x ≤ 13) are in line with the predicted stable configurations located on the convex hull (see Fig. 2(a) ). For example, the most stable separated combination of C 112 O 10 was selected to consist of two small clusters with seven and three oxygen adatoms. This is somewhat expected because of the energy advantage of these convex-hull structures. It can be seen that all the integrated C 112 O x structures are more stable than the separated small clusters, with energy differences ranging from 0.41 to 1.20 eV. This suggests that for a given number of oxygen atoms (4 ≤ x ≤ 13), the oxygen atoms prefer to form a large cluster rather than two smaller clusters on graphene. In addition, such results further suggest the reliability of the C 112 O x (4 ≤ x ≤ 13) stable structures, which were predicted in the prior CE steps.
C. C 112 O x (14 ≤ x ≤ 19)
We have already explored the structural evolution of the graphene oxidation process for up to 13 adsorbed oxygen atoms. However, it is computationally expensive to predict all configurations by the CE approach combined with the firstprinciples approach for more than 13 adsorbed atoms because of the extremely large number of possible oxygen adsorption configurations. To solve this problem, we used the ECIs constructed for the case of 13 adsorbed oxygen atoms to reproduce the adsorption energies of all possible configurations for more than 13 adsorbed oxygen atoms. This is feasible because the oxygen atoms are prone to cluster on graphene, and the interaction of oxygen atoms mainly depends on short-range effects, which are mostly included in the cases with less than 13 adsorbed atoms. Thus, the constructed ECIs can be further used to describe the energies of C 112 O x (x > 13) configurations. To verify the reliability of the ECIs for high oxygen coverages of C 112 O x (x > 13), the energies of the most The predicted most stable C 112 O x (14 ≤ x ≤ 19) configurations are shown in Fig. 5 . It is interesting to note that the oxygen atoms in the high coverage cases retain the characteristic of an inhomogeneous distribution on graphene. The most stable configurations of the high oxygen coverages would be inclined to form two (or several) lower coverage parts, and these parts are shown to be linked by one or several oxygen adatoms. For example, the most stable configuration of C 112 O 17 can be regarded as being composed by two parts containing nine oxygen adatoms, as shown in Fig. 5(d) . There is a mutual oxygen atom between these two parts, and this atom acts as a "bridge" to link two "islands." It can be inferred that the large number of oxygen atoms would prefer to form several medium-sized islands on a large enough graphene substrate. With further increasing coverage, the oxygen atoms have no choice but to occupy appropriate sites between these islands to form low energy configurations.
D. Discussion of the structure evolution of oxygen atoms on graphene
To further understand the intrinsic mechanism of structure evolution, the relationship between the structural characteristics and the adsorption energies of the C 112 O x (1 ≤ x ≤ 19) configurations was investigated. It should be noted that oxygen adsorption on one single side of graphene induces large structural corrugation because of the strain induced by oxygen adatoms on one side of graphene, while oxygen adsorption on both side of graphene induces a relative smaller structural corrugation. In this work, we only examine the structure of oxygen adsorption on one side of graphene. The substrate carbon atoms below the oxygen atom cluster are greatly distorted and pulled towards the oxygen atoms to form corrugation. As well as chemical bonding between oxygen and carbon atoms, distortion also greatly affects the total energy of the system. When the first oxygen atom adsorbs on graphene, the carbon atoms below the adsorbed oxygen atoms are distorted, and the carbon atom also moves out of the plane of the graphene sheet towards the oxygen atom, which results in buckling of 0.24 Å above the plane of graphene (see Fig. 6(a) ). The reason for the out-of-plane buckling of the graphene sheet is mainly the electronic structure of the graphene changing from a planar sp 2 -hybridized to a distorted sp 3 -hybridized geometry. The amount of distortion increased with further addition of oxygen atoms. For example, in the case of the C 112 O 9 configuration, the buckling increased to 1.40 Å (see Fig. 6(b) ). It should be noted that such structural deformation results in energy increase of the graphene substrate. The newly generated C-O bonding interactions, as well as the adsorption of the oxygen cluster on the graphene sheet, can effectively offset the energy increase caused by the structural deformation, which could lead to a negative adsorption energy. At the initial stage of the graphene oxidation process, the number of oxygen atoms gradually increases from 1 to 11, and at the low coverage the structural change may not be strong enough to affect the adsorption energies. Nonetheless, with further adsorption of oxygen atoms, the energy change of C 112 O x (14 ≤ x ≤ 19) is mainly dominated by the large structural distortion, leading to higher adsorption energies. To lower the distortion, the oxygen atoms have to form several bridgelinked islands to lower the distortion because of the repulsion effects of the oxygen atoms. The formation of several islands of oxygen adatoms agrees with previous work, 55 which suggested that an initial homogenous GO phase may separate into an inhomogeneous phase composed of several islands. Because oxygen-oxygen gathering behavior can lower the energy, the bridge atoms not only help link the islands, but also help to lower the energy. The competition between the distortion of graphene substrate and the interaction of oxygen atoms determines the most stable configuration of GO for each coverage. From the above discussion, the adsorption energy minimum is near the C 112 O 11 configuration, and bridge-linked island structures are present at high oxygen coverages (C 112 O x , 14 ≤ x ≤ 19).
IV. CONCLUSIONS
In summary, an adaptive CE method was used to predict the surface adsorption and growth progress. Checking for structural similarity was performed first to reduce the number of structures. To effectively reduce the computational cost while maintaining the accuracy, the suitable effective cluster interaction (ECIs) parameters, as well as the stable configurations of low oxygen coverages (C 112 O x , 1 ≤ x ≤ 7) were determined. Once the ECIs were chose for low coverages, the number of ECIs were then fixed and their values were changed step-by-step to predict the stable configurations of high coverages (C 112 O x , 8 ≤ x ≤ 13) with updating the stable configurations of coverages(C 112 O y , y ≤ x). Finally, the ECIs obtaining from the 13 adatom case were used to predict the stable configurations at high coverages (C 112 O x , 14 ≤ x ≤ 19) with both the number of ECIs and their values unchanged. The results successfully uncovered the structural evolution of the single sided graphene oxidization process and gave the stable configurations at different oxygen atom coverages. It was shown that the oxygen atoms preferred to arrange inhomogeneously rather than homogenously or aggregating together, which is consistent with previous work. More importantly, general characteristics exist in the whole graphene oxidization process. For high oxygen coverages (C 112 O x , 14 ≤ x ≤ 19), the stable configurations tended to be formed by two (or several) stable lower coverage parts linking by several oxygen adatoms. This can be explained by the synergetic effect of the interactions of oxygen atoms and the distortion of graphene substrate. It should be noted that, as a targeted method, the adaptive CE method can also be used for other surface adsorption and growth problems.
